A novel means of recording the expression status of the total gene population is described. Digestion of cDNA by class IIS restriction enzymes produces a fragment with a poly (A) stretch and a 5' overhang with an unknown sequence. This fragment contains information such-as the class IIS enzyme that cuts cDNA nearest to the poly (A) stretch, the sequence of the 5' overhang, and the size of the fragment. Expressed genes can be discriminated and displayed by the fragment as follows: (i) cut the cDNA with one class IIS restriction enzyme; (ii) ligate the digested cDNA to that from a pool of 64 biotinylated adaptors cohesive to all possible overhangs; (Mi) digest by other two class IIS enzymes; (iv) recover the ligated molecules with streptavidin-coated paramagnetic beads; (v) perform PCR with the adaptor-primer and an anchored oligo-dT primer; (vi) separate the amplified fragments by denaturing polyacrylamide gel electrophoresis. Repeat the experiment with 64 adaptors, three enzymes and three anchored oligo-dT primers displays most of the expressed genes. Because redundancy is minimized, this technique is also ideal for generating tags for expressed genes, with which to construct a transcript map of the genome.
INTRODUCTION
Since the introduction of recombinant DNA technology, many genes have been isolated and their structures determined. Soon, the human genome project, and other related projectsshoulduncover all the genes in the genome. An efficient method is desperately needed to record the expression states of a large number of expressed genes.
So far, expressed genes have been analyzed by Northern hybridization or RT-PCR. These techniques have been scaled up to describe part of an entire mRNA population (1) . However, these procedures are laborious, and usually cannot be applied to unknown genes, since both methods are based on cloned fragments of each gene or their sequence information.
Here, I describe a new technique based upon another principle. Each expressed gene was discriminated and displayed by 3' end cDNA fragments generated by class IIS restriction enzyme digestion and PCR. Because the redundancy is minimized, this method is also ideal to generate tags for expressed genes to construct transcript maps of the genome.
MATERIALS and METHODS

Oligonucleotides
C1T adaptor: 5'-biotinylated-GTACATA1TGTCGTTAGAACGCT-3'
5'-OH-NXYZAGCGTTCTAACGACAATATGTAC-3' C1G adaptor: 5'-biotinylated-GTACATATTGTCGTTAGAACGCG-3'
5'-OH-NXYZCGCGTTCTAACGACAATATGTAC-3' N is a mixture of A, C, G and T. XYZ represents one of all possible sequences. We used C1G sequences when Y and Z were A or T. Otherwise, we used C1T.
CIS primer: 5'-OH-GTACATATTGTCGTTAGAACGC-3'
For fluorescent detection, 5' end of CIS was labelled by one of 5-carboxyfluorescein (FAM), 2',7'-dimethoxy-4',5'-dichloro-6-carboxyfluorescein (JOE) or 6-carboxy-tetramethyl-rhodamine (TAMRA), following the suppliers (Perkin-Elmer) protocol.
Oligonucleotides used as probes for cDNA detection and library survey were as follows: AM2 receptor, 5'0H-TTTAGTTGTAAAGGAATTCAGC-3'; apolipoprotein A-I, 5'0H-CCTCACTGGGCAGTCAGAGT-3'; fatty acid synthase, 5'0H-CGCTCACGTGCAGTTTAATTGT-3'; insulin-like growth factor A-I, 5'0H-TGGGAGGCTCCTCCTACA-TTCT-3'; lamin B, 5'0H-GCTCCCCTCATGAGTCAACAAT-3'; asialoglyceroprotein receptor, 5'OH-TTTCCTACTCCATTCAGAAG-GC-3'; purine nucleotide phosphorylase, 5'OH-ACAACATCTGGAAAGTprothrombin, 5'0H-TGAGGATTCCATAGTGTAGGTC-3'; xanthine dehydrogenase, 5'OH-CCCTTGGTGGCTTGGCAGAT-AT-3'; cytochrome p-450 HE, 5'OH-TAGCTGTCTTCAGACACTCCAG-3'.
Preparation of cDNA
Total RNA was prepared from Balb/c mouse liver and kidneys as described (2) , and cDNA was produced as described by Gubler and Hoffman (3), using M-MLV reverse transcriptase (Gibco-BRL), human placental RNase inhibitor (Toyobo), E.coli DNA polymerase I (Toyobo) and RNase H (Toyobo). The primer for the first strand cDNA synthesis was 5'-amino d(T)i8. Usually, 3 (ig RNA was converted to double-stranded cDNA with 200 U reverse transcriptase, and digested with 5 U of either of three class IIS restriction enzymes according to the supplier's protocol for 45 min. We used Fokl (TaKaRa), BsmAl (NEB) and BsmFI (NEB). After phenol extraction and ethanol precipitation, the product was dissolved in 70 (il of distilled water.
Ligation of adaptor
The ligation mixture contained 10 mM Tris-HCl pH 8.0,4 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 0.5 mM NAD (Sigma), 1.2 mM EDTA, 0.005% BSA, 3 U E.coli DNA ligase (TaKaRa), 1 pmol adaptor and 1 (J.1 of the above cDNA in 10 |xl. The reaction proceeded at 16°C for at least 14 h, then the product was digested by two class IIS restriction enzymes other than that used in the previous digestion.
Recovery of cDNA and PCR amplification
The ligated sample was recovered with 0.1 mg of streptavidincoated paramagnetic beads (Dynabeads-streptavidin, Dynal), and treated with 0.1 N NaOH according the supplier's protocol. The PCR mixture consisted of lx PCR buffer for Stoffel fragment, 2. 
Data collection and analysis
Separation by denaturing polyacrylamide gel electrophoresis was monitored by a 373A sequencer (Perkin-Elmer). Data were collected and analyzed with the 672 GeneScan software. Usually, data from peaks >35 were collected. GS-500 ROX (PerkinElmer) was used as the size marker, and fragment sizes were calculated by the local Southern method. Small programs for data processing were written using the programming language, awk (5).
Adaptor specificity
Amplified cDNA fragments were separated by electrophoresis through a 2% agarose gel, then transferred to Hybond-N+ (Amersham). For the adaptor assay, 1 |il from each anchored primer product was combined and applied to lanes. For the primer assay, 1 ul each of the product was applied. Oligonucleotides were labelled using T4 polynucleotide kinase. Hybridization proceeded in 10 mM Tris-HCl (pH 7.5), 1M NaCl, 2x Denhardt's solution, 0.5% SDS, 3-8 x 10 5 c.p.m./ml of a probe at 55°C, and the membrane was washed twice with 10 mM Tris-HCl (pH 7.5), 1 M NaCl, 0.1% SDS at room temperature, then once with the same solution at 55°C. The membranes were exposed to Kodak XAR-5 films for 3-5 h without intensifying screens.
Northern hybridization
Mouse liver or kidney RNA (1 Hg) was separated by formaldehyde 1 % agarose gel electrophoresis and transferred to Hybond- N (Amersham). Amplified cDNA fragments were separated and purified by 4% MetaPhor (FMC BioProducts) agarose gel electrophoresis, and labelled by random priming. Hybridization proceeded in 5x SSC, 2x Denhardt's solution, 0.5% SDS, 3-8 x 10 5 c.p.m./ml of a labelled fragment at 65°C, and the membrane was washed with O.lx SSC, 0.1% SDS at 65°C. The membranes were exposed to Kodak XAR-5 films for 9 or 10 days with intensifying screens.
RESULTS
Outline of the technique
Class IIS restriction enzymes, a subgroup of class II restriction enzymes, cleave DNA at a precise distance outside their recognition sites, and produce overhangs of unknown sequences (6) . A total of 64 biotinylated adaptors were prepared for all possible overhangs created by class IIS restriction enzymes such as Fokl. Each adaptor had a 5' four nucleotide overhang, of which the outermost base was a mixture of A, C, G and T, and the inner three bases were one of all possible sequences. First, the cDNA was digested by one of class IIS restriction enzymes (Fokl, BsmAl and BsmFl) and ligated to one of the 64 adaptors. The cDN A was then digested by two class IIS enzymes not used in the previous digestion. This experiment was repeated with three enzymes and 64 adaptors, which divided the expressed genes into 192 subpopulations. Following the recovery of the ligation sample with streptavidin-coated paramagnetic beads, the cDNA was treated with a dilute alkali, which removed the oligonucleotide complementary to the adaptor-primer, a potential inhibitor of the PCR reaction. PCR amplification proceeded with this cDNA sample, using the adaptor-primer and one of the anchored oligo-dT primers, d(T) 2 5A, d(T) 2 5C and d(T) 25 G. The products were separated by denaturing polyacrylamide gel electrophoresis ana the slzes^ffra^riTenls^eTe'automatrcallyl'ecbrded'by a373A sequencer and analyzed by the 672 GeneScan software. Since a single run of the autosequencer processes 108 samples, six runs were sufficient for the total experiment. Fokl, BsmAl and BsmFl were used in this study, and from the database survey, 97% of the total mRNA population had recognition sequences for at least one of these enzymes. The strategy is schematically summarized in Figure 1 .
Specificity of adaptor ligation and anchored primers
There were 35 mRNA sequences with the poly(A) site description, of which RNA sources were mouse liver, in the GenBank database, release 30. To test the specificity of the adaptor ligation, 10 genes were selected, covering a variety of adaptor sequences. The cDNA fragments generated from mouse liver RNA were amplified with adaptors with proper sequences or those with sequences with one base replacement. Products were separated by agarose gel electrophoresis, and after Southern transfer, each membrane was probed with a labelled oligonucleotide corresponding to each gene. The results are summarized in Table 1 , and some of autoradiograms are shown in Figure 2A -D. Eight out of ten tested genes were amplified to the level detectable by the DNA sequencer, and except for prothrombin, amplification proceeded only with the correct adaptors. The intensity of the prothrombin signal with NACC was 7% of that with NCCC, according to electropherograms analyzed by the DNA sequencer (data not shown). These results demonstrated E.coli DNA ligase discriminated the three nucleotides adjacent to the ligation site, and each 3' end cDNA fragment was amplified only with the correct adaptor, except for some very abundant species. The specificity of anchored oligo-dT primers was also examined (Table 1 for summary, Fig. 2E-I for autoradiograms) . Except for abundant species (prothrombin, apolipoprotein A-I and p-450 HE), amplification occurred only with the primer predicted from the database sequence. Although both the adaptor and anchored oligo-dT primer were less specific for some of abundant species, they are a limited population, and would not complicate the total results.
Three fragments were sequenced to confirm identity of the genes ( Table 1 ). The sizes of these fragments calculated by the software were the same as those predicted from the database.
Expressed gene analysis of liver and kidney
All 64 adaptors were tested with mouse liver cDNA. During the course of this study, I found that some adaptors based on the C IT sequence were not effectively ligated. They were replaced with those based on the C1G sequence. Amplification profiles of mouse liver and kidney RNA were compared using part of the adaptor pool. Some examples of electropherograms are shown in Figure 3 (left) , and an image of conventional agarose gel electrophoresis is shown in Figure 4 . Each pair of electropherograms had many common peaks, but some peaks were tissue-specific. To test whether electropherogram patterns really reflect expression states, fourteen liver-or kidney-specific peaks were examined by Northern hybridization. Thirteen produced the results predicted by electropherograms, and one did not emit any detectable signal. The expression level was likely to be too low for detection by Northern hybridization. Some of the autoradiograms are shown in Figure 3 (right) .
Since an enormous amount of data was produced by this method, a comprehensive presentation was necessary. First, data of satellite peaks, i.e. small peaks around a large peak, were removed from those exported from the GeneScan software. Thereafter fragments with peak heights larger than a defined value (in the case of Fig. 5, 150 ), were selected, and, if there were fragments of the same size (±1.0 bp, considering the accuracy of the sequencer) in the other tissue, they were also selected. These fragments were displayed as a scatter plot. Some of the results are shown in Figure 5 . Since common fragments are represented as asterisks, the major specific fragments were easily identified. However, the electropherograms must be read to identify small specific peaks.
DISCUSSION
Sequence information of 5' overhangs generated by class IIS restriction enzymes is useful for characterizing DNA fragments. It was first used for DNA fingerprinting physical maps (7) . Sequencing of these ends using a dye terminator increases the information content, making comparisons more reliable than those by fragment size alone. Several researchers have suggested that fragments generated by class IIS restriction enzymes can be amplified with a library of 256 adaptors (indexers) (8, 9) . These techniques, named 'molecular indexing' or 'indexing', have so far been applied only to genomic or cloned DNA. Here, I described the application of molecular indexing to the analysis of expressed genes. The technique is based on the finding that E.coli DNA ligase discriminates the three nucleotides adjacent to the joining site. Each expressed gene is displayed by a 3' end cDNA fragment generated by class IIS restriction enzyme digestion. The technique is analogous to classical two dimensional protein gel electrophoresis (10), but genes of interest can be easily isolated and sequenced. In particular, it is very powerful for identifying and isolating differentially expressed genes.
Differential display (11) and a related technique (12) can also reveal expressed genes as PCR-amplified fragments. The mRNA subpopulations defined by arbitrary primers and anchored oligodT primers are amplified after reverse transcription and resolved on a denaturing acrylamide gel. Comparing fingerprinting patterns from different sources of RNA, differentially expressed genes are identified. The aim of differential display is to identify differentially expressed genes, not to describe the-expressioastatusof each-gene. Although this technique is becoming popular, there remain technical problems to be solved (13) . Furthermore, subpopulations amplified by different sets of primers theoretically overlap, and most of the genes would be displayed more than once when multiple sets of primers are used. For these reasons, it is only used to detect the differential expression of similar cell types: fingerprinting patterns are too complicated for comparing distant tissues such as liver and kidney.
Molecular indexing has several technical advantages. In differential display, fragment sizes are determined and sequences are recognized only by arbitrary primers. Here, it is replaced by more accurate restriction enzyme digestion and the use of E.coli DNA ligase. Molecular indexing theoretically divides the entire mRNA population into 576 non-overlapping subpopulations. This makes a clear contrast to differential display, which has no means of avoiding redundancy. PCR proceeds under standard conditions, and band patterns are not sensitive to condition of thermal cycling. Reamplification is not necessary to recover the fragments.
Partial sequencing of a large number of cDNA pieces and subsequent mapping onto the genome is regarded as a short cut for those who involved in the human genome project (14, 15) . One of the main problems of this approach is redundancy of the cDNA clone pool (16) . Normalized cDNA libraries have been constructed to solve this problem (17) , but redundancy is inevitable even from such libraries. Molecular indexing almost completely solves this problem, because the majority of genes are amplified only with one adaptor and anchored primer set.
Several technical limitations should be noted. Those cDNA sequences lacking enzyme recognition sites will not be displayed. This may be complemented by using other enzymes such as SfaNl and Bbvl. Some sequences may not be efficiently ligated to the adaptor. Artifacts intrinsic to PCR, such as by-products or inefficient amplification, are inevitable. The current protocol can discriminate expressed genes in several tissues, because the number of mRNA species in a single type of cell is estimated at 10 000. However, it is not enough for all the genes in the genome, which number about 50 000-100 000. Four-nucleotide recognition by E.coli DNA ligase will solve this problem, but we have to identify conditions required to do this.
Despite these limitations, molecular indexing is the first technique for scanning global gene expression in a tissue or a cell. This procedure will be widely applicable to various biological systems.
